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ABSTRACT Rheumatoid arthritis (RA) and periodontitis share many epidemiolog-
ical and pathological features, with emerging studies reporting a relationship be-
tween the two diseases. Recently, RA and periodontitis have been associated
with autophagy. In the present study, we investigated the effects of cathepsin K
(CtsK) inhibition on RA with periodontitis in a mouse model and its immunologi-
cal function affecting autophagy. To topically inhibit CtsK periodontitis with ar-
thritis in the animal model, adeno-associated virus (AAV) transfection was per-
formed in periodontal and knee joint regions. Transfection of small interfering
RNA (siRNA) was performed to inhibit CtsK in RAW264.7 cells. The effects of CtsK
inhibition on the autophagy pathway were then evaluated in both in vivo and in
vitro experiments. RA and periodontitis aggravated destruction and inflammation
in their respective lesion areas. Inhibition of CtsK had multiple effects: (i) re-
duced destruction of alveolar bone and articular tissue, (ii) decreased macro-
phage numbers and inflammatory cytokine expression in the synovium, and (iii)
alleviated expression of the autophagy-related transcription factor EB (TFEB) and
microtubule-associated protein 1A/1B-light chain 3 (LC3) at the protein level in
knee joints. Inhibition of CtsK in vitro reduced the expression of autophagy-
related proteins and related inflammatory factors. Our data revealed that the in-
hibition of CtsK resisted the destruction of articular tissues and relieved inflam-
mation from RA with periodontitis. Furthermore, CtsK was implicated as an
imperative regulator of the autophagy pathway in RA and macrophages.
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Inflammation and the immune response are inseparable. The development of chronic
inflammatory diseases is closely related to the innate and adaptive immune systems.

Rheumatoid arthritis (RA) is a chronic autoimmune disease, releasing chemicals that
damage nearby bone, cartilage, tendons, and ligaments (1, 2). In addition to autoim-
mune disorders, a number of risk factors can trigger or exacerbate RA (3). For instance,
periodontitis not only is a chronic inflammation that occurs in the oral cavity but also
is a risk factor that may affect the progression of RA (4). In recent years, the relationships
between RA and periodontitis have been extensively reviewed (5, 6). RA and periodon-
titis are both caused by immune disorders and are associated with inflammation and
the destruction of soft tissue and bone. In addition, they share similar pathological
mechanisms and the same genetic and environmental risk factors, such as smoking and
obesity (7).

Autophagy is a normal physiological response to cell self-degradation. By regulating
cell proliferation and cell death, autophagy also affects the immune response (8, 9). Not
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surprisingly, autophagy disorders are involved in the pathogenesis of many diseases.
For instance, a number of recent studies have shown a relationship between autophagy
and RA (10–12) as well as between autophagy and periodontitis (13, 14). This gave
us reason to speculate that autophagy may play an important role in RA and the
exacerbation of RA by periodontitis.

Cathepsin K (CtsK) is lysosomal cysteine protease that is primarily expressed in
osteoclasts and plays an important role in bone resorption (15). CtsK has been shown
to be an effective therapeutic target for bone destruction-related diseases (16, 17). This
has led to the function of CtsK inhibitors being evaluated in various animal models and
preclinical studies. Unfortunately, the systemic administration of CtsK inhibitors and
their nonselective nature result in adverse side effects and undesired drug-drug
interactions (18). Our previous study revealed that the osteoimmunological function of
CtsK regulates both periodontitis and RA through the Toll-like receptor 9 (TLR9)
signaling pathway (19). Whereas TLR9 is closely related to autophagy (20, 21), it is likely
that CtsK also affects the autophagy response in RA.

Adeno-associated viruses (AAVs) have become promising gene delivery vectors that
provide a new and effective strategy to precisely target pathological genes and the
tissues affected by some diseases (22). AAV-mediated gene therapy has been utilized in
hundreds of animal experiments and clinical trials. It has been found to be safe and
nonpathogenic in both animal and human hosts and causes only mild immune
responses (23).

In the present study, we focused on the consequences of topical CtsK silencing
through the localized administration of AAV-mediated RNA interference in a mouse
model of RA and periodontitis. This was done to further explore the association
between CtsK and autophagy in vivo and in vitro, which is important in order to
determine whether CtsK might be a possible target to simultaneously treat both RA and
periodontitis.

RESULTS
Localized inhibition of CtsK alleviates articular tissue destruction and paw

swelling induced by CIA and reduces alveolar bone resorption in the periodontitis
model. After ensuring that the AAVs had been successfully transfected into articular
tissues (Fig. 1), we tested the expression of CTSK in the knee joint region. The immu-
nohistochemistry (IHC) results showed that compared with the control group, both
Porphyromonas gingivalis inoculation and collagen-induced arthritis (CIA) injection
caused a significantly high expression level of CTSK in the knee joint region, and the
expression level of CTSK was highest when the two interventions coexisted. AAV

FIG 1 Immunofluorescence analysis of articular tissue in the control group and the empty AAV vector (GFP) group. (A) IF staining of GFP-positive cells in the
articular area. Anti-mouse GFP antibody was applied to determine the AAV transfection efficiency. Red spots are GFP-positive cells. AC, articular cavity; DAPI,
4=,6-diamidino-2-phenylindole. (B) Quantification of GFP-positive cells. Control, untreated DBA/J1 mice; GFP, mice that received empty AAV vectors (AAV-U6-
CAG-EGFP). Data are presented as means � SD. Statistics were determined by a Mann-Whitney U exact test. The asterisk (with no line connection) on the column
of this group represents the statistical difference between it and the control group. ***, P � 0.001.
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transfection effectively inhibited the expression of CTSK in each group (see Fig. S1A and
B in the supplemental material).

In order to further observe the lesion in the joint area, we carried out saffron O
staining of the knee joint sections of each group. Saffron O staining analyses of knee
joints revealed that the Porphyromonas gingivalis (P.g)�AAV(GFP) group, the
CIA�AAV(GFP) group, and the CIA�P.g�AAV(GFP) group exhibit more severe cartilage
damage and osteophyte formation than the control group. Localized inhibition of CtsK
alleviated cartilage damage in the articular tissues (Fig. S2A). The histopathology
assessment of osteoarthritis cartilage confirmed the data from saffron O staining
analyses (Fig. S2B).

Heterologous type II collagen is widely used as an immunogen for the CIA model.
In CIA-susceptible mice, the serum antibody levels to the type II collagen used for
immunization are very high. Furthermore, these antibodies cross-react with various
species of type II collagen, including autologous type II collagen, due to the conserved
amino acid sequences of type II collagen. An enzyme-linked immunosorbent assay
(ELISA) was used to detect the serum level of type II chicken collagen antibody in each
group of mice, and it was found that the antibody level was higher in the CIA-induced
arthritis group than in the control group and the P.g�AAV(GFP) group. There was no
significant difference in antibody concentrations between the CIA�P.g�AAV(GFP)
group and the CIA�AAV(GFP) group. Localized inhibition of CtsK significantly reduced
the concentration of type II chicken collagen antibody in mouse serum (Fig. S3).

The development of arthritis in the CIA model is dependent upon the induction
of anticollagen antibodies. We tested type I collagen by IHC to ensure that proper
conclusions can be drawn. In the control group, the cartilage is not stained, while the
subchondral bone is stained brown. In the P.g�AAV(GFP) group, IHC of type I collagen
showed irregular staining in the superficial areas of the cartilage, and the staining was
light brown. The fibrous tissue was stained positive and dark in the CIA�AAV(GFP)
group. Compared with the CIA�AAV(GFP) group, the pigmentation area was dark and
uneven and the fibrous tissue was irregularly curled in the CIA�P.g�AAV(GFP) group.
Type I collagen was not expressed in normal cartilage, while type I collagen was highly
expressed in cartilage when P. gingivalis inoculation and osteoarthritis coexisted. The
localized inhibition of CtsK significantly reduced the expression of type I collagen in the
articular tissues (Fig. S4).

We found that the localized inhibition of CtsK effectively relieved hind paw swelling
(Fig. 2A) and delayed the initial onset of arthritis in mice transfected with AAV(CtsK)
for 8 days (Fig. 2B). At the time of specimen collection, the incidence of arthritis in the
CIA�AAV(GFP) transfection group was 90%, while the incidence of arthritis in the
CIA�AAV(CtsK) transfection group was 70%. The incidence of arthritis was highest in
the group with CIA with P. gingivalis inoculation and AAV(GFP) transfection (93.3%) but
decreased to 85.7% in the group with CIA with P. gingivalis inoculation and AAV(CtsK)
transfection after inhibition of CtsK (Fig. 2B). Inhibition of CtsK not only reduced the
incidence of arthritis but also significantly reduced the average arthritis scores of the
limbs (Fig. 2C), indicating that CtsK inhibition slowed the development of arthritis. In
addition, the mice that received a P. gingivalis inoculation demonstrated a more acute
onset of arthritis and more severe extremity swelling than those that did not receive P.
gingivalis.

We quantitated the Cemento-Enamel Junction of the first molar to the Alveolar Bone
Crest (CEJ-ABC) distances and analyzed vertical periodontal bone resorption based on
the sagittal sectional images of the alveolar bones. The data showed that the CEJ-ABC
distance for the comorbidity group was greater than that of the simple periodontitis
group (Fig. 2D and E). Oral transfection of AAV(CtsK) reversed alveolar bone resorption
in these two groups, with no significant difference being found among other groups.
In addition to the data described above, we also found that periodontitis promoted the
occurrence and development of arthritis and that arthritis also aggravated bone
destruction in periodontitis disease. However, inhibiting CtsK effectively reduced the
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damage in the lesion areas of both diseases, suggesting that CtsK was closely associ-
ated with arthritis and periodontitis-aggravating arthritis.

Localized inhibition of CtsK reduces the number of macrophages and the
expression of inflammatory cytokines in the synovium. F4/80 is a specific marker of
macrophages. The distribution of CTSK and F4/80 in vivo was detected by immunofluo-
rescence (IF) colocation staining (Fig. S5). The IF results showed that in vivo, macro-
phages could express CTSK, so we determined the distribution of macrophages in the
synovium. The immunohistochemical staining results showed that in the joint capsule
area of knee joints, the number of F4/80-positive cells was significantly higher in the
CIA�AAV(GFP) group and the CIA�P.g�AAV(GFP) group than in the CIA�AAV(CtsK)
group and the CIA�P.g�AAV(CtsK) group. More interestingly, macrophages were
primarily found in areas with damaged joint tissue. After the inhibition of CtsK, the
number of macrophages in the same areas of each group was decreased to various
degrees (Fig. 3A and B).

FIG 2 Localized inhibition of CtsK alleviates the swelling of paws induced by CIA and reduces bone destruction of alveolar bone. (A) Photographs of hind paws
in different groups. (B) Incidences of CIA in different groups. (C) Mean scores per arthritic limb in different groups. (D) Sagittal view of alveolar bones scanned
by micro-CT. (E) Distance from the cementoenamel junction of the first molar to the alveolar bone crest. Control, untreated DBA/J1 mice; P.g, mice orally infected
with Porphyromonas gingivalis; CIA, mice with collagen-induced arthritis; GFP, mice that received empty AAV vectors (AAV-U6-CAG-EGFP); CtsK, mice that
received AAV-U6-CtsK-shRNA-CAG-EGFP. Data are presented as means � SD. Statistics in panel E were determined by ordinary one-way analysis of variance
(ANOVA) and Student’s t test. The asterisk (with no line connection) on the column of this group represents the statistical difference between it and the control
group. *, P � 0.05; **, P � 0.01; ***, P � 0.001. Experiments were repeated three times.
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The relative mRNA expression levels of Tnf� and Il6 in the knee joints of each group
are shown in Fig. 3C. CIA increased the expression of Tnf� and Il6 in the knee joints,
with the CIA�P.g�AAV(GFP) group demonstrating the highest expression levels of
Tnf� and Il6 compared to those in the other groups. Interestingly, the elevated levels
of Tnf� and Il6 expression in the articular region declined in response to AAV(CtsK)
transfection. Periodontitis induced greater numbers of macrophages and increased
expression levels of inflammatory cytokines in the arthritis lesion areas, while the
inhibition of CtsK significantly reduced the inflammatory immune response, suggesting
that CtsK was associated with macrophages and inflammatory cytokines involved in the
developmental process of arthritis and periodontitis-aggravating arthritis.

Localized inhibition of CtsK reduces autophagy-related protein expression in
the synovium. To further explore the role of CtsK in the development of arthritis, we
investigated the relationship between CtsK and autophagy in RA. Immunohistochem-
ical results demonstrated that transcription factor EB (TFEB) protein expression was
upregulated in the joint areas of the CIA�AAV(GFP) group and the CIA�P.g�AAV(GFP)

FIG 3 Localized inhibition of CtsK reduces the number of macrophages and the expression of inflammatory cytokines in the articular
tissue. (A) IHC staining of F4/80-positive cells in the articular tissue. The red arrow indicates positive cells. (B) Quantification of
F4/80-positive cells in panel A. (C) Relative mRNA expression levels of Tnf� and Il6 in the articular tissue detected by qRT-PCR. Control,
untreated DBA/J1 mice; P.g, mice orally infected with Porphyromonas gingivalis; CIA, mice with collagen-induced arthritis; GFP, mice that
received empty AAV vectors (AAV-U6-CAG-EGFP); CtsK, mice that received AAV-U6-CtsK-shRNA-CAG-EGFP. Data are presented as means �
SD. Statistics in panel B were determined by a Kruskal-Wallis test and a Mann-Whitney U exact test. Statistics in panel C were determined
by ordinary one-way ANOVA and Student’s t test. The asterisk (with no line connection) on the column of this group represents the
statistical difference between it and the control group. *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001; NS, not significant.
Experiments were repeated three times.
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group, with the highest level of TFEB expression being observed in the CIA�P.g�

AAV(GFP) group. Associated with the inhibition of CtsK in each group, TFEB expression
decreased along with a reduction in the arthritis lesions (Fig. 4A and B). The data from
reverse transcription-quantitative PCR (qRT-PCR) analysis of the joint tissues of each
group confirmed the immunohistochemistry results (Fig. 4C).

In addition, we detected changes in CtsK and the autophagy pathway in joint tissue
by Western blotting and qRT-PCR. We found that periodontitis promoted the expres-
sion of CtsK in the arthritis lesions, and at the same time, the expression levels of the
autophagy proteins TFEB and light chain 3 (LC3) were upregulated (Fig. 5A). After
effectively inhibiting the expression of CtsK, the expression levels of TFEB and LC3 were
also decreased. The qRT-PCR results also showed that the changing trend of the
autophagy pathway was similar to that of CtsK. Periodontitis promoted the upregula-
tion of both Tfeb and Lc3 in the arthritis lesions, with autophagy being downregulated
by CtsK inhibition (Fig. 5B).

Inhibition of CtsK reduces the autophagy pathway in macrophages. To further
explore the role of CtsK in macrophages, we chose the murine macrophage cell line
RAW264.7 for use in our in vitro experiments. As a first step, 6-carboxy-fluorescein
(FAM)-small interfering RNA (siRNA) was used to determine the transfection efficiency
of the cells. Based on observations of the cells under an inverted fluorescence phase-
contrast microscope, green fluorescence was scattered in the cytoplasm (Fig. 6A). CtsK
expression was detected by Western blotting, which verified that siRNA treatment
effectively inhibited the expression of CtsK at the protein level (Fig. 6B). In macro-
phages, the expressions of TFEB and LC3 were also downregulated after the
inhibition of CtsK. These in vitro findings were consistent was the in vivo results (Fig.
6B). When the expression of CtsK was inhibited, the expression levels of Il6 and Tnf�
were significantly decreased (Fig. 6C).

DISCUSSION

The immune and bone systems communicate with each other through a plethora of
transcription factors, cytokines, receptors, and signaling pathways. The interactions
between these systems involve physiological processes regulating bone metabolism
and may be more frequent in some autoimmune or inflammatory diseases (24). For
instance, activated osteoclasts attached to bone surfaces are able to create acidic
environments through proton pumps, which promotes the demineralization of bone
tissue, and at the same time secrete matrix metalloproteinases and CtsK to directly
degrade the organic bone matrix (25). Based on results from the present study, it is
predicted that bone resorption in periodontal and knee joint areas will decrease once
CtsK expression is suppressed. The in vivo results showed that RA and periodontitis
were able to promote the progression of one another in a comorbid fashion, leading to
more serious destruction than that caused by either condition individually.

As important cells of the innate immune system, macrophages are resident cells of
synovial tissue. Studies have found that there are more M1 macrophages in the
synovium of RA patients than in healthy people (26). Increased activation of macro-
phages is conducive to a vicious cycle of tissue damage. Macrophages can ultimately
lead to joint destruction in individuals with RA by stimulating angiogenesis and
inducing leukocyte and lymphocyte infiltration, fibroblast proliferation, and the secre-
tion of tumor necrosis factor alpha (TNF-�), interleukin-1 (IL-1), IL-6, and matrix metal-
loproteinase (27, 28). Our present study found that destruction in articular lesions was
significantly reduced after AAV(CtsK) transfection in the CIA and two-comorbidity
groups. Furthermore, immunohistochemical staining revealed that the number of
macrophages in inflamed areas also decreased following AAV(CtsK) transfection. These
data suggested that CtsK might affect the body’s immune response and inflammation
by affecting the differentiation and activation of macrophages. Although CtsK inhibi-
tion was limited to periodontal and knee joint regions in this study, the arthritis scores
of the hind paws of the mice suggested that the systemic inflammatory response of
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FIG 4 Inhibition of CtsK in the lesion area reduces the expression of TFEB in the articular tissue. (A) IHC staining of
TFEB-positive cells in the articular tissue. The red arrows indicate positive cells. (B) Quantification of TFEB-positive cells in panel
A. (C) Relative mRNA expression of Tfeb in articular lesions determined by qRT-PCR. Control, untreated DBA/J1 mice; P.g, mice
orally infected with Porphyromonas gingivalis; CIA, mice with collagen-induced arthritis; GFP, mice that received empty AAV
vectors (AAV-U6-CAG-EGFP); CtsK, mice that received AAV-U6-CtsK-shRNA-CAG-EGFP. Data are presented as means � SD.
Statistics in panel B were determined by a Kruskal-Wallis test and a Mann-Whitney U exact test. Statistics in panel C were
determined by ordinary one-way ANOVA and Student’s t test. The asterisk (with no line connection) on the column of this
group represents the statistical difference between it and the control group. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
Experiments were repeated three times.
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arthritis was alleviated, which may have been related to reduced macrophage activa-
tion and, subsequently, a decreased immune response throughout the body.

The relationship between arthritis and autophagy has been studied previously, and
a large amount of the literature shows that autophagy is significantly enhanced during
the course of arthritis (29–31). As the key protein in autophagy, TFEB activity is closely
related to lysosome synthesis, autophagy, and the production of inflammatory cyto-
kines. The overexpression of TFEB can lead to the activation of the autophagy pathway
(32). Interestingly, we found not only that periodontitis increased TFEB expression in
arthritic lesions but also that the expression of the TFEB protein was downregulated
with the inhibition of CtsK in vivo. As we expected, the trend of other autophagy-
related proteins, such as LC3, was similar to that of TFEB. The results from the cell
culture experiments validated the conclusions made from the in vivo experiments. In
the developmental processes of arthritis and periodontitis-aggravating arthritis, CtsK
affected autophagy and inflammation.

Our previous study showed that CtsK is closely related to TLR9 in the development

FIG 5 Inhibition of CtsK reduces the expression of the autophagy signaling pathway. (A) Western blotting of TFEB, CTSK, and LC3A/B in
different groups. Representative images and normalized quantifications are shown. (B) Analysis by qRT-PCR of mRNA expression levels of
CtsK, Lc3, and P62 in the articular tissue. Control, untreated DBA/J1 mice; P.g, DBA/J1 mice orally infected with Porphyromonas gingivalis;
CIA, mice with collagen-induced arthritis; GFP, mice that received empty AAV vectors (AAV-U6-CAG-EGFP); CtsK, mice that received
AAV-U6-CtsK-shRNA-CAG-EGFP. Data are presented as means � SD. Statistics in panels A and B were determined by ordinary one-way
ANOVA and Student’s t test. The asterisk (with no line connection) on the column of this group represents the statistical difference
between it and the control group. *, P � 0.05; **, P � 0.01; ***, P � 0.001. Experiments were repeated three times.
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FIG 6 Inhibition of CtsK reduces the autophagy pathway in macrophages. (A) RAW264.7 cells were transfected with FAM-siRNA and
observed under an inverted fluorescence microscope. Cells expressing green fluorescence were transfected successfully. (B) The
expression of TFEB, CtsK, and LC3A/B at the protein level was determined by Western blotting. (C) The expression of Il6 and Tnf� at
the mRNA level was determined by qRT-PCR. Data are presented as means � SD. Statistics in panels B and C were determined by
ordinary one-way ANOVA and Student’s t test. The asterisk (with no line connection) on the column of this group represents the
statistical difference between it and the control group. ***, P � 0.001. Experiments were repeated three times. NC, nontargeting
control.
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of arthritis and periodontitis-aggravating arthritis (19). At the same time, a relationship
between TLR9 and autophagy has also been demonstrated (21, 33, 34). Sanjuan et al.
revealed that stimulating RAW264.7 cells with a TLR9 ligand promotes the maturation
of phagosomes, which then participate in autophagy (35). These findings combined
with the results from the present study suggest that in addition to the inhibition of the
TLR9 signaling pathway, the reduction of TFEB expression may also contribute to the
anti-inflammatory effects of CtsK inhibition. However, the mechanism of the interaction
between CtsK, the TLR9 signaling pathway, autophagy, and inflammation requires
further investigation.

A variety of pathogenic bacteria of periodontitis have been found to be associated
with the onset or aggravation of RA (36, 37). P. gingivalis is the only bacterium known
to secrete peptidylarginine deiminase (PAD enzyme), which can catalyze the citrullina-
tion of proteins and plays an important role in the occurrence of arthritis. Studies
showed that in patients with rheumatoid arthritis and periodontitis, autoantibodies
against citrulline histamine H3 could be produced in the body (38). P. gingivalis could
promote the expression of citrulline antibody in the synovium of the joints of arthritic
mice, which aggravated joint inflammation (39). Six periodontal pathogens could be
detected in the synovial fluid of rheumatoid arthritis patients (40). The above-
mentioned studies have proven that the pathogenesis and prognosis of RA may be
closely related to oral microorganisms. However, whether oral microorganisms are
related to the incidence of RA or whether they can become a biological indicator for RA
detection is unknown, which is very worthy of discussion and research. Both RA and
periodontitis cause chronic destruction of connective tissue and bone tissue caused by
an imbalance of inflammation in the body. Therefore, we focused on the relationship
between local diseases and systemic immune imbalance. This study revealed that
localized inhibition of CtsK through AAV transfection was able to effectively reduce
destruction in alveolar bone and articular areas, reduce the level of systemic inflam-
mation in arthritis, decrease the number of macrophages in knee inflammation, and
decrease the expression of autophagy-related proteins. We preliminarily explored the
mechanism of CtsK affecting the autophagy pathway in RA and macrophages. Our data
will provide a reference for other related studies of chronic diseases involving an
imbalance in immune responses and bone destruction and serve as a basis to further
explore the dual roles of CtsK as an osteoimmune gene in the immune and skeletal
systems. Tissue-specific gene therapy targeting CtsK might be a promising direction in
the treatment of rheumatoid arthritis and in future research.

MATERIALS AND METHODS
Animals. A total of 80 8-week-old male DBA/J1 mice (Chengdu Dashuo Experimental Animal Co. Ltd.,

China) were randomly assigned to eight groups: (i) control mice, which did not receive any treatment
(n � 5); (ii) control�GFP mice, which were transfected with AAV expressing green fluorescent protein
[AAV(GFP)] (n � 5); (iii) P.g�CtsK mice, which were transfected with AAV expressing CtsK and then orally
infected with Porphyromonas gingivalis (n � 10); (iv) P.g�GFP mice, which were transfected with
AAV(GFP) and then orally infected with P. gingivalis (n � 10); (v) CIA�CtsK mice, which were transfected
with AAV(CtsK) and developed collagen-induced arthritis (CIA) (n � 10); (vi) CIA�GFP mice, which were
transfected with AAV(GFP) and developed CIA (n � 10); (vii) CIA�P.g�CtsK mice, which were transfected
with AAV(CtsK), developed CIA, and were orally infected with P. gingivalis (n � 15); and (viii)
CIA�P.g�GFP mice, which were transfected with AAV(GFP), developed CIA, and were orally infected with
P. gingivalis (n � 15). The study was approved by the Sichuan University Institutional Animal Care and
Use Committee (protocol number WCCSIRB-D-2015-030). All animals were raised at the State Key
Laboratory for Oral Disease animal facilities (Sichuan University, Sichuan, People’s Republic of China),
which are for specific-pathogen-free animals.

Experimental periodontitis and collagen-induced arthritis. The periodontitis and CIA mouse
models were established according to our previously described protocols (19, 41, 42). For the periodon-
titis mouse model, we chose P. gingivalis (ATCC 33277) from the American Type Culture Collection to
induce oral infection in the mice. To remove other potential pathogens from the mice during the
washout period, kanamycin was added to the drinking water at a concentration of 0.5 mg/ml for 3 days
prior to formal oral bacteria colonization. The bacteria and 3% sterile carboxymethyl cellulose (CMC) were
evenly mixed into a gel state with a final concentration of P. gingivalis bacteria of 5 � 1010 cells/ml. The
mixture containing bacteria was applied to the oral cavity of the mice for eight consecutive days using
cotton swabs. For the CIA mouse model, chicken type II collagen was emulsified in 100 �g complete
Freund’s adjuvant. The emulsion was then slowly injected in 50 �l into the tissue between the mouse tail
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veins. Fourteen days after the first infusion, the treatment was repeated to enhance the immune
response. After the first injection of collagen, a daily score was recorded based on previously described
protocols (43, 44).

AAV transfection. AAVs were purchased from Genechem Co. (Shanghai, China). As a negative
control, empty AAVs were used. The AAVs were diluted with phosphate-buffered saline (PBS) to a final
working concentration of 2.5 � 1010 g/ml (45). Using 100-�l microsyringes, 10 �l of an AAV working
solution was injected into each knee and the buccal and palatal periodontal regions. After mice were
injected with chicken type II collagen, AAV transfection was carried out once every 3 days. A total of eight
AAV transfections were performed during the experimental period (17).

Tissue samples. There was no adverse event in each experimental group. A total of 80 mice were
euthanized with an overdose of 10% chloral hydrate after a 65-day-postimmunization booster. Bilateral
alveolar bones and the treated knee joints were collected. After being fixed in 4% paraformaldehyde, the
specimens were subjected to micro-computed tomography (micro-CT) and histological analysis. The
articular specimens used for RNA extraction were immersed in RNAlater, and the articular specimens
used for protein extraction were stored at �80°C. Mouse serum was collected and stored at �80°C for
subsequent ELISAs.

Micro-CT scanning. Maxilla samples were evaluated by micro-CT scanning using a vivaCT80 scanner
(Scanco Medical, Switzerland). Scanning conditions were as follows: a source voltage of 70 kV, a source
current of 114 �A, an exposure time of 200 ms, and a resolution of alveolar bone of 12 �m. Meanwhile,
vertical alveolar bone resorption was evaluated by measuring the distance from the first-molar enamel-
cement interface (CEJ) to the alveolar bone crest (ABC) (46).

Immunohistochemistry and immunofluorescence analyses. Paraffin-embedded specimens ana-
lyzed by immunohistochemistry (IHC) or immunofluorescence (IF) were sectioned at a thickness of 5 �m.
After blocked with serum, the sections were treated with rabbit monoclonal antibodies against GFP
(catalog number 2956; Cell Signaling Technology, USA), F4/80 (catalog number 70076; Cell Signaling
Technology, USA), F4/80 (catalog number 30325; Cell Signaling Technology, USA), and transcription
factor EB (TFEB) (catalog number A303-673A; Bethyl Laboratories, USA); cathepsin K (CTSK) polyclonal
antibody (catalog number PA5-109605; Thermo Fisher, USA); or collagen I polyclonal antibody (catalog
number PA1-26204; Thermo Fisher, USA) as primary antibodies, according to the manufacturers’ instruc-
tions. The next day, the sections were incubated with the secondary antibody. CTSK is a cytoplasmic
protein, and the brownish-stained cytoplasmic cells in the tissue sections were the positive cells. TFEB
entered the nucleus and played a role, so the brownish-stained cells in the tissue section were the
positive cells. F4/80 is a membrane protein, and the brown-stained cells in the tissue sections were the
positive cells. Collagen type I was a component of the extracellular matrix, and the positive extracellular
matrix in the tissue section was tan. The slices in the sagittal direction were numbered from the first
section, where the femoral joint head, tibial joint head, and joint capsule appeared at the same time, to
the end, where they started to disappear. The sample slice numbers of each group for the staining
experiments were the same. For IHC and IF quantitative analyses, there were three sections in each
group. To avoid artificially selecting the field of interest and affecting the statistical results, we randomly
selected a high-magnification field in the knee joint. After selecting the region of interest, counts for each
group were performed within the same region of interest. Positive cell and total cell counts were
performed for each field, and the proportion of positive cells was calculated. Finally, the proportions of
positive cells in each group were compared.

Saffron O staining. Paraffin-embedded specimens analyzed by saffron O staining were sectioned at
a thickness of 5 �m according to the instructions of the kit (catalog number G2540; Solarbio, China). The
sections were soaked in freshly prepared Weigert solution for 3 to 5 min, treated with an acidic ethanol
solution for 15 s, washed with distilled water for 10 min, and soaked in a safranin O solution for 1 to
2 min. The Osteoarthritis Research Society International (OARSI) osteoarthritis cartilage histopathology
assessment system was used to score each group of knee sections, as follows: grade 0 for intact surface
and intact cartilage morphology; grade 1 for intact surface, superficial fibrillation, and edema, cell death,
or cell proliferation; grade 2 for surface discontinuity; grade 3 for vertical fissures (clefts); grade 4 for
erosion; and grade 5 for denudation. There were three sections in each group, and the scores for each
group were quantitatively compared.

Mouse anti-type II collagen IgG assay kit with TMB. After the collection of mouse serum, an
operation was carried out according to the instructions of the mouse anti-type I and -type II collagen IgG
assay kit with tetramethylbenzidine (TMB) (catalog number 2031T; Chondrex, USA), and a spectropho-
tometer was used for detection.

Cell culture and small interfering RNA transfection. The murine macrophage cell line RAW264.7
was purchased from the ATCC. The cells were cultured in high-glucose Dulbecco’s modified Eagle’s
medium (DMEM). The concentration of fetal bovine serum (FBS) in the culture medium was 10%. The
cells were removed from the culture flasks using a cell scraper and prepared for seeding. The cell
concentration was adjusted to approximately 2.5 � 105 cells/ml, and 2 ml of the cell suspension was
seeded into T25 culture flasks. After the cells had adhered to the flask surface, an additional 2 ml of
complete medium was added to each flask, and the cells were cultured. At 24 h postseeding, the cell
density was confirmed to be approximately 30% to 50% confluent by microscopic examination, and small
interfering RNA (siRNA) transfection was started. The CtsK-Mus-418 siRNA and negative-control siRNA
were purchased from GenePharma, China. According to the manufacturer’s instructions, siRNA and
EndoFectin-Max transfection reagent (GeneCopoeia, USA) were each diluted with Opti-MEM, mixed, and
then incubated at room temperature for 25 min. Additional high-glucose DMEM was added so that the
final concentration of siRNA was 100 nM. Four milliliters of the siRNA-reagent complexes was added
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dropwise to the cells and carefully dispersed over the entire surface area of the culture plate. After
incubation with the siRNA for 24 h, the cells were cultured with high-glucose DMEM–10% FBS without
siRNA. The RNA and protein were harvested from the cells 24 h later.

Reverse transcription-quantitative PCR analysis. Total RNA was extracted from the in vitro and in
vivo specimens using an RNApure total RNA kit (BioTeke, China). Reverse transcription of the total RNA
into cDNA was performed using a RevertAid first-strand cDNA synthesis kit (Thermo, USA). Gene
expression levels were evaluated using the following gene-specific PCR primers: CtsK forward primer
CCAGGAAATGAGCTTGACAAA, CtsK reverse primer ATAATTCTCAGTCACACAGTCCACA, interleukin-6 (Il6)
forward primer CTCTGCAAGAGACTTCCATCCAGT, Il6 reverse primer GAAGTAGGGAAGGCCGTGG, tumor
necrosis factor alpha (Tnf�) forward primer AGGGTCTGGGCCATAGAACT, Tnf� reverse primer CCACCAC
GCTCTTCTGTCTAC, Tfeb forward primer CCACCCCAGCCATCAACAC, Tfeb reverse primer CAGACAGATAC
TCCCGAACCTT, Lc3 forward primer GACCGCTGTAAGGAGGTGC, Lc3 reverse primer CTTGACCAACTCGCT
CATGTTA, P62 forward primer AGGATGGGGACTTGGTTGC, and P62 reverse primer TCACAGATCACATTG
GGGTGC. The expression of the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene (Gapdh),
analyzed by PCR using Gapdh forward primer AGGTTGTCTCCTGCGACTTCA and Gapdh reverse primer
CCAGGAAATGAGCTTGACAAA, was used as an endogenous sample control.

Western blot analysis. Total proteins from the mouse joint samples and cultured cells were
extracted using a total protein extraction kit (catalog number PE001; SAB, China). The concentration of
total proteins was measured using a bicinchoninic acid (BCA) protein assay kit (catalog number P0012S;
Beyotime, China). Protein samples were resolved by electrophoresis and then transferred onto mem-
branes. After blocking with 5% bovine serum albumin (BSA), the membranes were blotted using specific
antibodies and visualized using a ChemiDoc Touch chemiluminescence system (Bio-Rad, USA). The
primary antibodies used were specific for TFEB, CTSK, LC3A/B, and GAPDH (catalog numbers 32361, 4980,
12741, and 5174, respectively; Cell Signaling Technology).

Statistical analysis. Data are shown as means � standard deviations (SD) for the different groups.
In Fig. 1B, the differences between two groups were analyzed by a nonparametric Mann-Whitney U exact
test. In Fig. 3B, Fig. 4B, Fig. S1B, and Fig. S2B, the differences between multiple groups were analyzed by
a Kruskal-Wallis test, and the differences between two groups were analyzed by a nonparametric
Mann-Whitney U exact test. In Fig. 2E, Fig. 3C, Fig. 4C, Fig. 5A and B, Fig. 6B and C, and Fig. S3, any
differences between multiple groups were analyzed by ordinary one-way analysis of variance (ANOVA),
and the differences between two groups were analyzed by parametric Student’s t test. Data analysis was
done by using GraphPad Prism 7 software. P values of �0.05 or U values of �1.96 were considered
statistically significant.
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